The ultimate goal of gene therapy is cell-and tissue-specific targeted delivery of therapeutic genes. A targeted system increases the therapeutic effects of transgenes at the site of action while reducing adverse effects in surrounding cells and tissues that commonly occur through nonspecific modes of gene delivery (5) (6) (7) (8) . Gene therapy vectors that can home to specific cells and tissues after intravenous administration, also known as targeting vectors, are ideal for targeted delivery (62) . In the past, many attempts have been made to develop targeting viral vectors by using adenovirus, adenoassociated virus, oncoretrovirus, lentivirus, measles virus, and alphavirus (70, 89) .
To create targeting viral vectors, the natural tropisms of the viruses must first be eliminated and new binding specificities conferred (89) . The binding of envelope viruses, such as oncoretrovirus, lentivirus, measles virus, and alphavirus, is mediated by envelope proteins. To redirect the tropisms of these viruses, the original receptor-binding regions of their envelope proteins must be eliminated. We have developed targeting oncoretroviral and lentiviral vectors by pseudotyping them with modified Sindbis virus envelope proteins and by mutating the receptor-binding regions of the envelope proteins, thereby reducing the nonspecific transduction of untargeted cells (61, (63) (64) (65) (66) . The mutated regions of the envelope protein originally interact directly with other receptors, including heparan sulfate, laminin receptor, and/or unknown molecules (10, 46, 67, 90) . These mutations reduced the nonspecific transduction of the liver and spleen when the vectors were administered intravenously (66) . By conjugating the virus with targeting ligands, including antibodies and peptides, the virus can transduce specific cells and tissues both in vitro and in vivo (53, 61, 63-66, 71, 72) . These results demonstrated that we can eliminate the natural tropism of the Sindbis virus envelope protein while maintaining its fusion activity.
However, the N-glycans of the envelope proteins are still intact and possibly interact with cell surface lectins. DC-SIGN is the best-known cell surface lectin expressed on dendritic cells, certain macrophages, and activated B cells (27, 29, 30) .
Structural and biochemical studies show flexible modes of DC-SIGN binding to cognate saccharides. The trimannose core unit of high-mannose N-glycans is the primary binding site for DC-SIGN (23) , while nonreducing alpha1-2-linked terminal mannose moieties contribute to the high avidity seen when DC-SIGN binds the Man8 or Man9 structures common to many viral envelope glycoproteins (22) . DC-SIGN traps a wide variety of viruses and viral vectors (HIV [29, 30] , simian immunodeficiency virus [50] , human T-cell leukemia virus type 1 [12] , measles virus [17, 18] , dengue virus [86] , feline corona virus [77] , herpes simplex virus type 1 [16] , human cytomegalovirus [36] , human herpesvirus type 8 [76] , Ebola virus [1] , West Nile virus [15] , influenza virus [91] , Marburg virus [57] , and severe acute respiratory syndrome virus [93] ) by binding to the N-glycans of the viruses and viral vectors. Binding of DC-
SIGN with virus and viral vectors results in enhanced infection and/or transduction of DC-SIGN-positive cells (cis infection/ transduction) and/or neighboring cells (trans infection/transduction).
If any targeting vector can be trapped by DC-SIGN, it is necessary to eliminate its binding to DC-SIGN to increase the targeting specificity of the virus in vivo (28, 49, 73) . In addition to enhanced infection/transduction, binding to DC-SIGN causes signaling that can activate DC-SIGN-expressing antigen-presenting cells (32, 38) . Activation of antigen-presenting cells can lead to adverse effects, including systemic inflammation and immune reactions to viral vectors and their transgene products (7, 8, 32, 59, 88) . Therefore, investigation of the interactions between viral vectors and DC-SIGN, identification of N-glycans that mediate binding to DC-SIGN, and elimination of interactions with DC-SIGN are important aspects of reducing adverse effects of vector administration and prolonging transgene expression.
The envelope protein of our targeting lentiviral vectors, the Sindbis virus envelope protein, contains four N-linked glycans (9, 48) . Sindbis virus can replicate in insect and mammalian cells, which have different types of enzymes to process Nglycans (3). Therefore, the structures of N-glycans differ between the virus produced in insect cells and that produced in mammalian cells (40, 58) . The N-glycans of the virus produced in insect cells have either the high-mannose or the paucimannosidic structure. Paucimannosidic structure N-glycans, as well as high-mannose structure N-glycans, have terminal mannose residues, and all N-glycans produced in insect cells are predicted to be able to bind DC-SIGN (Fig. 1a) (39, 47) . On the other hand, two N-glycans of the virus produced in mammalian cells have the high-mannose structure, while two others have the complex structure (40, 58) . The two complex structure N-glycans have been shown to be exposed on the surface of the envelope protein, while the two high-mannose structure Nglycans are buried within the center of the trimer of the envelope proteins (74, 94) . Therefore, the virus produced in insect cells can access DC-SIGN as its receptor while the virus produced in mammalian cells cannot (47) . Because our targeting vectors are produced in mammalian cells, they should not bind DC-SIGN efficiently. However, one group demonstrated that lentiviral vectors pseudotyped with a modified Sindbis virus envelope protein bind to DC-SIGN and target DC-SIGN-positive cells (92) , in contrast to the results seen with replicationcompetent Sindbis virus. Both Sindbis virus and the pseudotyped lentiviral vectors were produced in mammalian cells; Sindbis virus was produced in baby hamster kidney (BHK) cells, chicken embryonic fibroblasts, and hamster fibroblast cells; and the pseudotyped vector was produced in human embryonic kidney fibroblast (293T) cells (69) . Because it is known that the N-glycans of the HIV envelope protein produced in lymphocytes have structures different from those produced in macrophages, the different producer cells may account for the differences between the N-glycan structures of the virus and Sindbis virus envelope-pseudotyped lentivectors (54, 55) . It is also known that the N-glycan structure of dengue virus can be altered by the presence of viral capsid (35) . Thus, the capsid of Sindbis virus and HIV could also affect the structures of the N-glycans of envelope proteins differently.
In this study, we investigated whether our targeting vector binds DC-SIGN. We found that DC-SIGN does not mediate the transduction of our targeting vectors efficiently. The vectors can be redirected to DC-SIGN by modifying the structures of the N-glycans of the envelope proteins by using the mannosidase I inhibitor deoxymannojirimycin (DMNJ) (25, 47, 51) .
MATERIALS AND METHODS
Plasmids, antibodies, and chemicals. The plasmids expressing the wild-type Sindbis virus envelope protein, 2.2, and 2.2 1L1L have been previously described (63, 65, 72) . The plasmids expressing 2.2 ⌬E1-139N, 2.2 ⌬E2-196N, and 2.2 ⌬E2-196N E1-139N were constructed from 2.2 by introducing a point mutation at E1 amino acid (aa) 139 of N to E, at E2 aa 196 of N to Q, or both by using a site-directed mutagenesis kit. PAX2, a packaging plasmid of lentiviral vectors, was purchased from Addgene (Cambridge, MA). Cppt2e, a self-inactivating lentiviral vector containing the MLV (murine leukemia virus) promoter as its internal promoter (79) , was used for transduction in all experiments, except for the transduction of human primary dendritic cells. Because the MLV promoter was inefficiently expressed in human primary dendritic cells, we used SIN18.cPPT.hEF1␣.EGFP.WPRE (33) , which contains the human EF-1␣ promoter as its internal promoter, for the transduction of human primary dendritic cells. The DC-SIGN-expressing lentiviral vector cppt2 DC-SIGN was constructed from lentiviral vector cppt2e by replacing its enhanced green fluorescent protein (EGFP) transgene with the cDNA of DC-SIGN (79) . The CD20-expressing lentiviral vector CCR-CD20 was constructed from lentiviral vector pRRLcPPT-CMV-X-PRE (2) by inserting cDNA of human CD20. The unconjugated anti-DC-SIGN monoclonal antibody clone DC28, clone 120612, and phycoerythrin (PE)-conjugated anti-DC-SIGN monoclonal antibody clone 120612 were purchased from R&D Systems (Minneapolis, MN). Anti-HLA class I monoclonal antibody was purified from culture supernatant of hybridomas using a protein A column. Anti-human CD20, CD11c, CD86, and HLA-DR were purchased from BD Bioscience (San Diego, CA). Mannan was purchased from Sigma-Aldrich (St. Louis, MO). The reverse transcriptase inhibitor zidovudine was obtained from the NIH AIDS Research and Reference Reagent Program. Complement human serum was purchased from Sigma, and DMNJ was purchased from Tocris Bioscience (Ellisville, MO).
Cells and viruses. DC-SIGN 293T and DC-SIGN Jurkat cells were generated by transducing 293T or Jurkat cells with cppt2 DC-SIGN, followed by magnetic cell sorting, using anti-DC-SIGN monoclonal antibody. CD20 293T cells were produced by transducing 293T cells with CCR-CD20, followed by magnetic cell sorting using the anti-CD20 monoclonal antibody. 293T, DC-SIGN 293T, and CD20 293T cells were cultured in Iscove's modified Dulbecco's medium (SigmaAldrich) containing 10% fetal calf serum (FCS) and antibiotics. Jurkat and DC-SIGN Jurkat cells were cultured in RPMI medium (Invitrogen, Carlsbad, CA) containing 10% FCS (Sigma-Aldrich). All lentiviral vectors were produced in 293T cells by the previously described calcium phosphate transfection method (61) . Briefly, 293T cells (1.8 ϫ 10 7 ) were transfected with one envelope protein expression vector, packaging plasmid (PAX2), and a lentiviral vector (cppt2e or SIN18.cPPT.hEF1␣.EGFP.WPRE). After transfection, the cells were cultured in AIM-V (Invitrogen) with or without 2 mM DMNJ. DMNJ was added immediately after the transfection period and kept in the culture medium until the harvesting of viral vectors. The supernatant was subjected to ultracentrifugation, and the pellet containing the virus was resuspended in phosphate-buffered saline (PBS). The concentrations of virus were quantitated by measuring amounts of viral capsid protein p24. The virus was frozen at Ϫ70°C until use.
FIG. 1.
(a) N-glycan structures and processing pathway. All N-glycans are first produced as the high-mannose structure in both mammalian cells and insect cells. In mammalian cells, certain N-glycans are further processed to the complex structure. In insect cells, certain N-glycans are further processed to the paucimannosidic structure. DMNJ inhibits mannosidase I, which is necessary for the formation of the complex structure; thus, all N-glycans have the high-mannose structure when generated in the presence of DMNJ. One representative structure of each N-glycan is shown. Man, mannose; GlcNAc, N-acetylglucosamine; SA, sialic acid; Gal, galactose. (b) Schematic representation of chimeric Sindbis virus envelope proteins. The Sindbis virus envelope protein is first synthesized as a polypeptide and subsequently cleaved by cellular proteases to generate the E3, E2, 6K, and E1 proteins. E1 and E2 are incorporated into the viral envelope, and E3 and 6K are leader sequences for E2 and E1, respectively. The N-linked glycosylation sites of the envelope proteins are shown. 2.2 is a modified Sindbis virus envelope protein in which the IgG-binding domain of protein A (ZZ) was inserted into the E2 region at aa 70. Transduction of human primary dendritic cells. Human peripheral blood mononuclear cells were obtained from healthy normal donors by density gradient centrifugation, and dendritic cells were prepared by culturing the adherent fraction with 800 IU/ml granulocyte-macrophage colony-stimulating factor (GM-CSF; Bayer Healthcare, Seattle, WA) and 63 ng/ml interleukin-4 (IL-4; R&D Systems) for 7 days at 37°C as previously described (44) . Dendritic cells were recovered on day 7 and purified by negative depletion using a MAb cocktail (anti-CD3, anti-CD19, and anti-CD56; BD Biosciences) and anti-mouse Igconjugated immunomagnetic beads (Invitrogen). The surface markers of isolated cells were confirmed by flow cytometry after staining the cells with antibodies against various dendritic cell markers, including the anti-HLA DR antibody conjugated with fluorescein isothiocyanate (FITC), anti-CD86 antibody conjugated with PE, anti-CD11c antibody conjugated with allophycocyanin (APC), and anti-DC-SIGN antibody conjugated with APC. The dendritic cells (2 ϫ 10 5 ) were incubated for 1 h with mannan (200 g/ml), control antibody (20 g/ml), anti-DC-SIGN antibody (20 g/ml), or nevirapine (5 M). The cells were then infected with the vesicular stomatitis virus glycoprotein (VSV-G), 2.2 1L1L, or 2.2 1L1L DMNJ pseudotype (2.5 g p24) for 6 h in the presence of blocking reagents. EGFP expression was assayed by flow cytometry 4 days posttransduction.
Inactivation of the vectors by complement. Two lots of human AB serum (Sigma-Aldrich) were used. Heat-inactivated serum was prepared by incubating the serum at 56°C for 40 min. The vectors pseudotyped with the wild-type Sindbis virus envelope, 2.2 1L1L DMNJ, or 2.2 conjugated with anti-DC-SIGN antibody (50 g/ml) (virus amount, 100 l; 5 g HIV p24/ml) were incubated with 100 l of serum or heat-inactivated serum at 37°C for 1 h. Each virus was diluted 50-fold with PBS supplemented with calcium and magnesium [PBS (ϩ)] and then incubated with DC-SIGN 293T cells (1 ϫ 10 5 ) at 37°C for 2 h. EGFP expression was assayed by flow cytometry 3 days posttransduction. All experiments were performed in triplicate. The transduction efficiency of the virus treated with heatinactivated serum was considered 100%. The relative transduction efficiency was calculated as follows: (% EGFP transduction with blocking agent/% EGFP transduction without blocking agent) ϫ 100.
RESULTS

DC-SIGN does not mediate transduction of lentiviral vectors pseudotyped with the Sindbis virus envelope protein.
We used lentiviral vectors pseudotyped with the Sindbis virus envelope protein or modified Sindbis virus envelope proteins (Fig. 1b) . Sindbis virus has two envelope proteins, E1 and E2. E2 mediates binding to its receptors, heparan sulfate, the laminin receptor, and other unknown receptors (10, 46, 67, 90) . E1 mediates fusion between the target cell membrane and the viral envelope (80) . E1 has an N-glycan at both aa 139 and 245. E2 also has an N-glycan at both aa 196 and 318 (9, 48 Previous studies have shown that N-glycans at E2 aa 196 and E1 aa 139 are exposed at the surface of the envelope protein, while those at E2 aa 318 and E2 aa 245 are inaccessible, in that they are buried within the trimer of the heterodimers of E1 and E2 (74, 94) . The majority of the exposed N-glycans are known to have complex structures when the proteins are generated in mammalian cells, including BHK cells, hamster fibroblasts, and chicken embryonic fibroblasts (40, 58) . If the N-glycan structures of lentiviral vectors pseudotyped with Sindbis virus, 2.2 1L1L, or 2.2 are the same as those of replication-competent Sindbis virus produced in the above-mentioned cells, those vectors will not efficiently bind to DC-SIGN, which is the lectin specific to the high-mannose structure of N-glycans (47) . To confirm this, we transduced cells expressing DC-SIGN with the lentiviral vectors pseudotyped with these envelope proteins. We generated DC-SIGN-expressing 293T and Jurkat cells by transducing them with a DC-SIGN expression vector and designated them DC-SIGN 293T and DC-SIGN Jurkat cells, respectively (Fig. 2) . As a control for the artificial expression of transduced molecules, we generated CD20 293T cells by the transduction of a CD20 expression vector that expresses human CD20. As expected, DC-SIGN expression does not significantly increase the transduction efficiency of 293T cells with the lentiviral vectors pseudotyped with Sindbis virus (Fig. 3A and Fig. 3C and Table 1 ). We observed slight increases in the transduction of DC-SIGN Jurkat cells compared to that of Jurkat cells, although this increase was not obvious in the experiments using 293T and DC-SIGN 293T cells. These observations are consistent with previous studies showing that only a small portion of the exposed N-glycans at E2 aa 196 and E1 aa 139 have high-mannose structure N-glycan cells (40, 58) . The transduction mediated by the interaction between DC-SIGN and envelope proteins is 10-fold lower than the transduction efficiency mediated by anti-DC-SIGN antibodies conjugated with 2.2 ( Table 1) . We also examined lentiviral vectors pseudotyped with the various types of modified Sindbis virus envelope proteins that we previously described (61, (63) (64) (65) (66) . None of them efficiently transduced target cells through binding to DC-SIGN (data not shown).
Production of pseudotyped vectors in the presence of DMNJ redirects the vectors to DC-SIGN. One study showed that replication-competent Sindbis virus cannot use DC-SIGN as its receptor when the virus is generated in mammalian cells but can when the virus is instead generated in insect cells. This difference is explained by the fact that insect cells do not produce N-glycans of the complex structure; therefore, all of the N-glycans of the virus produced in insect cells have either the high-mannose or paucimannosidic structure (Fig. 1a) (3) .
Both structures contain terminal mannose residues that enable their envelopes to bind DC-SIGN (47). Since lentiviral vectors require cellular factors present in human cells for proper virion formation, the vector cannot be generated in insect cells (4) . N-glycans are first synthesized as high-mannose structures, and then certain N-glycans undergo several further steps to become complex structures. DMNJ is an inhibitor of mannosidase I that is required for the formation of N-glycan complex structures (25) . Thus, N-glycans produced in the presence of DMNJ retain their high-mannose structure. In fact, replication-competent Sindbis virus produced from mammalian cells in the presence of DMNJ can use DC-SIGN as its receptor (46) .
We hypothesized that lentiviral vectors pseudotyped with Sindbis virus envelope protein or its derivative produced in the presence of DMNJ will convert the structures of exposed Nglycans of the envelope proteins from complex to high mannose, so the virus would use DC-SIGN as its receptor. We Unlike the virus produced in the absence of DMNJ, expression of DC-SIGN drastically increased the transduction efficiency of Sindbis virus (DMNJ) (Fig. 3D ), 2.2 1L1L (DMNJ) (Fig. 3E) , and 2.2 (DMNJ) (Fig. 3F) We next confirmed that this enhanced transduction was mediated by the interaction between DC-SIGN and N-glycans. We examined whether anti-DC-SIGN antibody or mannan (a polymer of mannose) can inhibit this enhanced transduction (Fig. 4) . Anti-DC-SIGN antibody and mannan both specifically blocked the transduction of DC-SIGN-expressing cells by DMNJ viruses, demonstrating that the binding of these viruses is mediated by the interaction between N-glycans and DC-SIGN. Transduction of DC-SIGN 293T cells with the 2.2 1L1L DMNJ pseudotypes was also blocked by bafilomycin A (data not shown), which prevents acidification of the endosomes, demonstrating that the DMNJ-treated virus-DC-SIGN-expressing cell fusion step occurs in a pH-dependent manner, similar to the fusion of Sindbis virus and its target cells (52, 31) .
N-glycans at E1 aa 139 and E2 aa 196 mediate binding to DC-SIGN. Envelope viruses and viral vectors incorporate a wide variety of cell surface molecules on their envelopes, and these cellular molecules have been shown to mediate the binding of virus to target cells. Because DMNJ can change the N-glycan structures of incorporated cellular molecules to the high-mannose structure, binding to DC-SIGN could be mediated by incorporated cellular molecules rather than viral envelope proteins. To investigate whether the N-glycans of the modified Sindbis virus envelope proteins mediate binding to DC-SIGN, we eliminated the N-glycans of the envelope protein.
Cryoelectron microscopy (cryo-EM) analysis showed that E1 aa 139 and E2 aa 196 are exposed on the surface of the Sindbis virus envelope protein (74, 94) . We investigated whether Nglycans at these positions are exposed and mediate binding to DC-SIGN. We introduced mutations in 2.2 at E1 aa 139, E2 aa 196, or both and designated them 2.2 ⌬E1-139N, 2.2 ⌬E2-196N, and 2.2 ⌬E2-196N E1-139N, respectively (Fig. 1b) . We generated lentiviral vectors pseudotyped with 2.2, 2. (Fig. 5) . We transduced DC-SIGN Jurkat cells with each virus, without antibody conjugation, using the same titers as calculated for the transduction of Jurkat cells. Elimination of N-glycans at E1 aa 139 and E2 aa 196 reduced the transduction of DC-SIGN Jurkat cells 73% (from 33% to 9%) and 55% (from 33% to 15%), respectively. When both N-glycans were eliminated, the transduction of DC-SIGN Jurkat cells was reduced 98% (from 33% to 0.5%). These results demonstrated that N-glycans at E1 aa 139 and E2 aa 196, but not cellular molecules incorporated into virions, mediate binding to DC-SIGN. The results also confirmed the cryo-EM analysis showing that N-glycans at those two sites are exposed on the surface of the Sindbis virus envelope protein. These results and data in Fig. 3 and Table 1 also suggest that the structures of N-glycans at E1 aa 139 and E2 aa 196 are complex if DMNJ is absent during virus production.
Lentiviral vectors redirected by N-glycan modification can efficiently transduce human primary dendritic cells. We examined whether modification of N-glycans can redirect lentiviral vectors to human primary dendritic cells, which physiologically express DC-SIGN both in vivo and in vitro. Human primary dendritic cells were prepared by in vitro differentiation of monocytes using GM-CSF and IL-4. On the day of transduction, most of the cells express the dendritic cell surface markers (HLA-DR, CD11c, and CD86) and DC-SIGN (Fig.  6a) . The cells were transduced with the same amount of lentiviral vectors pseudotyped with VSV-G, 2.2 1L1L, or 2.2 1L1L DMNJ (Fig. 6b) . The transduction efficiency of the 2.2 1L1L pseudotype was 20-fold less than that of the VSV-G pseudotype. The 2.2 1L1L DMNJ pseudotype transduced cells 18-fold more than the 2.2 1L1L pseudotype, demonstrating that modification of N-glycan increased the transduction efficiency of primary DC-SIGN-expressing cells. The EGFP expression of cells transduced with the 2.2 1L1L pseudotype was completely blocked by the reverse transcriptase inhibitor nevirapine, which excludes the possibility of pseudotransduction mediated by the binding of virion-associated EGFP to target cells. Transduction of dendritic cells with the 2.2 1L1L DMNJ pseudotype was blocked by mannan and the anti-DC-SIGN antibody, demonstrating that the high-mannose structure Nglycans and DC-SIGN are involved in this transduction. These experiments also showed that the targeting lentiviral vectors redirected by N-glycan modification have titers similar to those of VSV-G-pseudotyped lentiviral vectors, which have been most commonly used due to their high titers on wide varieties of cell types. Lentiviral vectors redirected by N-glycan modification are resistant to human serum complement. Serum complements can attack pathogens by several mechanisms, including classical, lectin, and alternative pathways (78) . The complement can also inactivate lentiviral vectors by these mechanisms (34, 42, 81) . Inactivation of viral vectors by complement should be avoided to maintain the titers of vectors in vivo. High-mannose structure N-glycans can be related to pathogens derived from nonmammalian cells and could activate complement via the lectin pathway (41) . Mannose-binding lectin (MBL), which plays important roles in the lectin pathway of complement activation, is a serum C-type lectin that can bind to mannose residues of N-glycans (24) . It was also shown that MBL binds to N-glycans of the Ebola and Marburg virus envelope proteins at the sites where DC-SIGN binds (42) . Therefore, there was concern as to whether redirecting lentiviral vectors by modification of N-glycans could change the susceptibility to inactivation by serum complement.
To investigate this, the titers of virus treated with complement serum or with complement-inactivated serum were compared. Some (35 to 50%) lentiviral vectors pseudotyped with wild-type Sindbis virus envelope protein were inactivated after 1 h of incubation with the same volume of human complement serum (Fig. 7) . However, the 2.2 pseudotype redirected by the conjugation of an anti-DC-SIGN antibody was more severely inactivated by serum complement (more than 90%), probably via the classical pathway activated by the Fc region of the conjugated antibody. Therefore, redirecting vectors by antibody conjugation would be problematic when used in immunocompetent animals, including humans. In contrast, redirecting the virus by modification of N-glycans did not increase the susceptibility to complements, indicating that this targeting strategy can be applied to targeting in immunocompetent animals.
DISCUSSION
In this study, we showed that lentiviral vectors pseudotyped with wild-type or modified Sindbis virus envelope proteins could be redirected to bind to DC-SIGN by changing their N-glycan structures from complex to high mannose when produced in the presence of DMNJ. Using this redirecting strategy, we determined that the N-glycans at E2 aa 196 and E1 aa 139 of the envelope proteins are accessible to DC-SIGN, which supports previous cryo-EM imaging studies of the Sindbis virus envelope protein (74, 94) . We further found that N-glycans modified by DMNJ do not activate serum complements. Our results suggest that this strategy to target DC-SIGN can be applied to target antigen-presenting dendritic cells for immunotherapy. Conversely, because this study showed that our Sindbis virus targeting envelope proteins do not interact with DC-SIGN unless generated in the presence of DMNJ, DC-SIGN-bearing cells will not be a target and will not contribute to the nonspecific transduction of our current targeting vectors.
We demonstrated that our targeting lentiviral vectors specifically transduced DC-SIGN-expressing cells when their N-glycan structure was modified to high mannose using DMNJ. This result is consistent with the results obtained with replication-competent Sindbis virus, which demonstrated that the virus cannot use DC- on January 26, 2018 by guest http://jvi.asm.org/ SIGN as its receptor when replicated in mammalian cells but can do so when replicated in insect cells, wherein all N-glycans contain terminal mannose residues (47) . DMNJ has been used to change the N-glycan structures of other viral envelope proteins, which enables the envelope proteins to bind to DC-SIGN (47, 51, 55) . The location of N-glycans of the Sindbis virus envelope protein was previously analyzed by cryo-EM. Our mutation analysis of N-glycan-linked amino acid residues is consistent with the cryo-EM structure (74, 94) . Cryo-EM data demonstrated that the N-glycans at E2 aa 196 and E1 aa 139 are exposed while those at E2 aa 318 and E1 aa 245 are not. With replication-competent Sindbis virus, it is believed that the E1 protein mediates fusion between the envelope and the cellular membrane (80) , whereas the E2 protein mediates binding to viral receptors. However, our functional analysis demonstrated that the E1 protein's N-glycan also mediates binding to the cellular receptor, DC-SIGN, when the N-glycan at aa 139 has the high-mannose structure.
Although modification of N-glycans efficiently redirected our targeting vectors, there was concern that changing N-glycans to high-mannose structures could potentially activate serum complement. MBL in serum can bind to high-mannose structure N-glycans on pathogens such as HIV and activate serum complement (24, 41, 42) . Our results showed that modification of N-glycans did not activate complement. Resistance to complement will enable the use of viral vectors in immunocompetent animals; thus, N-glycan modification could be useful for targeted transduction in vivo. One group demonstrated that lentiviral vectors pseudotyped with modified Sindbis virus envelope proteins without DMNJ treatment can use DC-SIGN as their receptor (92) . The mutations in their envelope proteins were identical to those in ours, and no further modifications were made at or near the N-glycosylation sites. Thus, according to our studies, their envelope proteins should not be able to efficiently bind DC-SIGN. It is unclear why their results differ from ours. One possibility is that transduction in their experimental setting may be mediated by a mechanism other than interactions between high-mannose structure N-glycans and DC-SIGN. For example, lectins such as CD301, which is able to bind to complex-structure N-glycans, may bind lentiviral vectors pseudotyped with Sindbis virus envelope protein and its derivatives (85) .
Dendritic cells are potent antigen-presenting cells and provide signals to stimulate immune cells, including cytotoxic T cells and antibody-producing B-cells, and play crucial roles in regulating immune reactions (84) . Ex vivo transduction and in vivo transduction of antigen-presenting cells in a nonspecific fashion using VSV-G-pseudotyped lentiviral vectors have been shown to induce strong immune reactions against transgene products, including HIV proteins and tumor-specific antigens (37) . Efficient transduction of antigen-presenting cells by intravenous injection of targeting vectors could be a convenient and efficient method for immunization against infectious diseases and cancers. Several groups also showed that transduction of antigen-presenting cells by lentiviral vectors induced tolerance to transgene products, although the mechanism by which this occurs is still not clear (14, 20, 45, 56) . If antigenpresenting cell-targeting vectors can induce tolerance to selfantigens, they may also be a means to treat autoimmune diseases.
The results reported here demonstrated specific transduction of DC-SIGN-expressing cells by the redirected vectors in vitro; however, many types of cells express a variety of lectins that bind to high-mannose structure N-glycans in vivo (19, 87) . For example, one DC-SIGN homologue, DC-SIGN R, is expressed on endothelial cells and liver sinusoidal cells (75) . Therefore, intravenous administration of the DMNJ-treated virus would transduce not only macrophages and dendritic cells, which express DC-SIGN, but also other cell types expressing other lectins such as DC-SIGN R. Thus, for in vivo experiments using targeting vectors redirected by N-glycan modification, it would be difficult to predict precisely which cell types are transduced. To achieve even more specific transduction of antigen-presenting cells, targeting by N-glycans should be combined with other targeting strategies which we previously described (61, 63, 65) , such as those using peptides and antibodies specific to antigen-presenting cells.
In contrast to targeting of DC-SIGN for purposes of immunization, one would want to avoid DC-SIGN to enhance the specificity of targeting of other cell types. Many attempts have been made to develop targeting retroviral vectors by using various types of envelope proteins, including avian sarcoma and leukosis virus (83) , MLV (43) spleen necrosis virus (13) , and measles virus (26) envelope proteins. Although the interactions between these envelope proteins and their native receptors have been intensively studied, interactions between lectins and the vectors have not been fully investigated. Several research groups have successfully redirected measles and lentiviral vectors by using modified measles virus envelope proteins that had mutations in the regions of binding for their FIG. 7 . Two lots of human AB serum were used. Heat-inactivated serum was made by incubation at 56°C for 40 min. Wild-type Sindbis virus envelope protein, 2.2 1L1L DMNJ pseudotypes, and 2.2 pseudotype conjugated with anti-DC-SIGN antibody (Ab; 50 g/ml) (virus amount, 100 l; 5 g HIV p24/ml) were incubated with 100 l of serum or heat-inactivated serum at 37°C for 1 h. Each virus was diluted 50-fold with PBS (ϩ) and then incubated with DC-SIGN 293T. EGFP expression was assayed by flow cytometry 3 days posttransduction. All experiments were performed in triplicate. The transduction efficiency of the virus treated with heat-inactivated serum was considered 100%. The relative transduction efficiency was calculated by the formula presented in Materials and Methods. (17, 18) . Since N-glycans of the targeting measles virus envelope proteins were not modified, the viruses and pseudotyped vectors are still able to bind to DC-SIGNpositive cells, potentially limiting the effectiveness of targeting in vivo. Indeed, several pathogens were shown to be captured in spleen marginal zones by DC-SIGN in vivo (28, 49, 73) . Thus, preventing interaction with DC-SIGN is important for targeting vectors to specifically transduce target cells and tissues in vivo. DC-SIGN captures pathogens and processes them for presentation on both major histocompatibility complex class I and II molecules to induce immune responses to the pathogens (21, 60, 82) . Binding of DC-SIGN with pathogens also triggers signaling and cytokine production (11, 32, 38) . Thus, binding of gene therapy vectors with DC-SIGN would enhance immune reactions to vectors and transgene products, followed by elimination of transduced cells. Thus, identifying the specific Nglycans mediating that interaction and eliminating them will be necessary to increase the effectiveness of targeting vectors and prolong transgene expression.
Because elimination of the original tropism of the Sindbis virus envelope protein has been the most important factor for decreasing nonspecific transduction by targeting vectors, the finding that our original targeting vectors do not interact efficiently with DC-SIGN is important for designing highly specific targeting vectors. Understanding the interactions between lectins and targeting viral vectors is important for both targeting and avoidance of specific cell types in vivo. Further studies of the interactions between targeting vectors and lectins would facilitate increasing the specificity of transduction by the vectors in in vivo settings.
